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ABSTRACT
MAGMATIC WATER CONTENT OF PACAYA VOLCANO, GUATEMALA,
DETERMINED FROM A THERMODYNAMIC MODEL FOR THE
PLAGIOCLASE-LIQUID HYGROMETER
Christine Ann Knudson, M.S.
Department of Geology and Environmental Geosciences
Northern Illinois University, 2014
James A. Walker, Thesis Director
Pacaya Volcano is an active composite volcano located in southern Guatemala, about
30 km from the nation’s capital, Guatemala City. This volcano has variable eruptive styles
ranging from non-explosive to moderately explosive. Volcanic rocks from Pacaya are mostly
basaltic to basaltic andesite and tend to be porphyritic, containing approximately 25-35%
crystals, dominantly plagioclase. Previous data from olivine-hosted melt inclusions in
Pacaya’s tephras suggest relatively low magmatic water contents for a subduction zone
volcano, particularly compared to neighboring composite volcanoes along the Central
American Volcanic Arc.
The goal of this research was to use plagioclase phenocrysts in basaltic andesite lavas
from Pacaya as a secondary method to verify the unusually low magmatic water contents
reported previously. Water contents were estimated using a plagioclase-liquid hygrometer.
Plagioclase crystals were selected from thin sections made of lavas from five different
eruptive events. Phenocrysts were analyzed using the electron microprobe at Northern Illinois
University. Plagioclase crystallization temperatures were obtained using a geothermometer.
Water contents were calculated to be ≤ 3.6 wt. % H2O for lavas erupted from Pacaya and are
consistent with olivine-hosted melt inclusion data, but low for subduction zone volcanoes.
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CHAPTER 1
INTRODUCTION
Introduction and Background: Central American Volcanic Zone
Recent volcanism in Central America begins at the Mexico/Guatemala border and
continues 1100 km along the west coast to central Costa Rica (Walker, 1981; Morgan et al.,
2013). The volcanism observed here is a result of the Cocos Plate subducting beneath the
Caribbean Plate (Figure 1), beginning 16-17 Ma (Syracuse and Abers, 2006) at an angle of
about 89-94 °W and at a rate of about 7 to 9 cm/yr (DeMets, 2001). Crustal thickness varies
from about 25 km beneath Nicaragua, where it is thinnest, to approximately 50 km on the
edges of the arc beneath Santa María in northwestern Guatemala (Carr et al., 2003; Jicha et
al., 2010). Volcanism along the Central American Volcanic Zone (CAVZ) can be grouped
into two geochemically distinct zones, the volcanic front (VF) and the back-arc (behind the
volcanic front, BVF). These zones not only differ in geochemistry but also in the melting
processes that produce the extruded lavas (Walker et al., 1995; Carr et al., 2007). The
volcanic front is located approximately 165-190 km inland from the Middle American trench
(Carr et al., 2007). Most of the volcanic centers in this region are complexes constructed of
basaltic to andesitic lavas, as is the case with the Pacaya Complex in Guatemala (Carr et al.,
2007).
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Figure 1. Regional tectonic map of the Central American Volcanic Zone. Black triangles
represent volcanoes on the volcanic front; Pacaya Volcano is marked with the red arrow
(modified from Carr et al., 2007).

Magma is generated by one of two main processes in Central America: flux melting or
decompression melting (Carr et al., 2003). Although neither of these are mutually exclusive,
it is thought that flux melting is the dominant process that produces the magmas erupted on

3
the volcanic front (Patino et al., 2000), whereas decompression melting generates the
magmas behind the volcanic front (Walker et al., 1995, Walker et al., 2003).
Melt inclusions are small portions of magma that became trapped in a crystal as it
formed and they provide measurements of the pre-eruptive magmatic composition, including
concentrations of volatiles (H2O, CO2, S, etc.). Without analyzing both CO2 and H2O, it is
difficult to evaluate whether or not the analyzed lavas have been degassed as they made their
way toward the Earth’s surface (e.g., Wallace, 2005). Mafic magmas produced at subduction
zones have H2O concentrations of about 4-6 wt. %, which is what has been measured in
olivine-hosted melt inclusions at a number of volcanic centers along the Central American
Volcanic Zone (CAVZ) (Roggensack et al., 1997; Roggensack, 2001b; Sadofsky et al., 2008;
Plank et al., 2013). A notable exception is Pacaya Volcano. Preliminary data from olivinehosted melt inclusions from Pacaya suggest relatively low water contents (up to 2.4 wt. %
H2O) for a subduction zone volcano, particularly compared to neighboring composite
volcanoes in Guatemala (Roggensack, 2001b; Walker et al., 2003). The inferred water
contents at Pacaya are more similar to those in Guatemalan BVF basalts than to basalts on the
volcanic front (Walker et al., 2003).
Here, the low subduction zone H2O concentrations measured from olivine-hosted melt
inclusions at Pacaya Volcano are confirmed through the use of a relatively new plagioclaseliquid hygrometer. The possible causes and consequences of Pacaya’s low magmatic H2O
concentrations are also explored.
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Eruptive History of Pacaya Volcano
Pacaya Complex is located in Southeastern Guatemala on the southern rim of the
14x16 km Pleistocene Amatitlán caldera (Wunderman and Rose 1984; Bardintzeff and
Deniel, 1992), along the Central American volcanic zone on the volcanic front. The
horseshoe-shaped Amatitlán caldera formed as the result of the collapse of a preexisting volcanic edifice, approximately 400-2,000 yr. B.P. (Wunderman and Rose,
1984; Kitamura and Matías, 1995; Vallance et al., 1995). The Pacaya region is
currently undergoing extension caused by interaction between the Jalpataugua fault
and the Guatemala City graben (Cameron et al., 2002). The complex is comprised of
several cones: Cerro Grande, Cerro Chiquito, Cerro Chino, Pacaya Viejo and Cerro
MacKenny (Eggers, 1971 and Bardintzeff and Deniel, 1992). Present day activity is
constrained to the modern day basaltic composite volcano, Cerro MacKenny, and has been
consistent since 1961 (Vallance et al., 1995) after a 100-year period of dormancy from about
1861 to 1961 (Conway et al., 1992; Kitamura and Matías, 1995; Cameron, 1998).
The complex itself is no more than approximately 23 thousand years old (Kitamura
and Matías, 1995; Rose et al., 2013). Eruptive episodes may last less than 100 years but as
long as 300 years (Conway et al., 1992; Cameron, 1998). Lava flow durations range from a
few hours up to hundreds of days and emanate from multiple vents (Rose et al., 2013). Lava
flows typically flow no farther than 2 km, which under the right conditions is far enough to
reach some towns on the north side of the complex (Rose et al., 2013). Guatemala City, the
capital of the Republic of Guatemala, is located about 30 kilometers from the Pacaya
Complex and ash from some eruptions has blanketed the town, causing the Guatemala City

5
Airport to temporarily close (Cameron, 1998).
Cerro MacKenny is located in the southern portion of the volcanic complex, is 2552
meters tall and it is one of three active volcanoes in Guatemala (Fuego and Santa Maria –
Santiaguito are the others) (Bardintzeff and Deniel, 1992; Volcán de Pacaya, 2013). Pacaya’s
modern cone is accessible, and the bulk rock compositions have been well documented
(Cameron, 1998; Rose et al., 2013). Lavas from Pacaya are porphyritic, medium-K basaltic to
basaltic andesites with major element compositions similar to neighboring BVF lavas in
southeastern Guatemala. Pacaya’s lavas have notably higher FeO contents than BVF lavas,
giving them an enhanced tholeiitic character (Walker, 1989). The volcanic rocks contain
approximately 20-30% phenocrysts, and the crystals may be as large as approximately
1.5mm. Most of the eruptions at Pacaya are Strombolian or Vulcanian in nature, and bombs
and ashfall are common (Bardintzeff, and Deniel, 1992; Conway et al., 1992). Investigations
of historic flows have revealed that the eruptive style can change quickly (Conway et al.,
1992). Current activity at Cerro MacKenny began in 1961 and Strombolian eruptions and
intermittent lava flows accompanied by rarer large explosions, which destroy portions of the
summit, have been consistent over the last 53 years (2013, Pacaya). This high level of activity
paired with the unstable cone makes Pacaya Volcano potentially quite hazardous (Dalton et
al., 2010).
On May 27, 2010, a Strombolian eruption began from Cerro MacKenny and lasted
approximately three to four months. There were fumarolic plumes in addition to ash, tephra,
and blocks, which were ejected from the volcano. During that May, over 1,600 people in
Guatemala City were evacuated, La Aurora International Airport was closed, and people were
told to refrain from driving because of the ash (Pacaya, 2013). Recently, the Instituto
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Nacional de Sismologia, Vulcanologia, Meterologia e Hidrologia (INSIVUMEH) reported
gas-and-ash plumes rising from Cerro MacKenney (Pacaya, 2013). Currently, there is seismic
activity and very weak explosions (Strombolian eruptions) coming from Cerro MacKenney,
which is visibly incandescent at night (Pacaya, 2013).

CHAPTER 2
METHODOLOGY
Sample Preparation and Petrographic Analysis
Fresh basalt samples were collected from historic eruptions (from the years 1775,
1961, 1987, 1991 and 1996) on the southern flank of Pacaya Volcano in 1996 from the
locations marked in Figure 2. The five samples were cut into thin sections by Spectrum
Petrographics Inc. to be used for the petrographic and electron microprobe analyses. All
samples were then observed in thin section using a petrographic microscope.
In hand specimen, all five samples have 25-35 modal % visible plagioclase
phenocrysts on the order of mm to cm. Vesicles are also present, making up at least 40% of
the lavas. In thin section, at a magnification of 20x, the matrix consists of plagioclase crystals
and very little olivine and clinopyroxene of equal size (on the order of tens of micrometers).
Plagioclase crystals analyzed in this study range in size from 40 to 1300 micrometers. The
plagioclase crystals are smaller than those observed in the hand specimen but are still larger
than those in the matrix. These smaller crystals are more likely to have grown from the liquid
they are embedded in, meaning that there is less of a chance that they may be xenocrysts and
thus would most accurately reflect the melt composition of their hosts. For all five samples,
nearly all plagioclase crystals are euhedral, and many show Carlsbad and albitic twinning
(Figure 3). Zoning was observed in many of the plagioclase crystals. Plagioclase crystals
make up at least 65% of the total minerals present in each of the samples. Olivine is the next

most abundant mineral observed, and minor clinopyroxene (<5%) is also present.

Figure 2. Sample location map. Modified from Cameron, 1998.
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Figure 3. Photographs of plagioclase crystals from Pacaya Volcano. A. Sample GPA.

Electron Microprobe Analysis
The five thin sections were carbon coated at Northern Illinois University on the JOEL
JEE 4C carbon coater. Microprobe analyses were conducted at Northern Illinois University on
the JEOL 733 electron microprobe to find the composition of the plagioclase crystals. For all
analyses, the beam size was set at 10 micrometers, the accelerating potential was 15 keV and
the current was set to 15 nA (Crabtree and Lange, 2011; Ruprecht et al., 2012). Plagioclase
crystals from each of the five samples were analyzed for Fe, Mg, Al, Si, Ca, Na, and K. A
transect was made from the core of the crystal to the rim, with 20 micrometer spacing.
Transects were made parallel to the short axis, if the crystal was lath shaped. Acceptable
analytical totals were 100 ± 1.5 wt. %. Crystals and spectrometers used for each element are
listed in Table 1, as well as the order in which the elements were analyzed. Elements were
standardized using scapolite and osumilite, standards from the Smithsonian, catalog numbers
NMNH R 6600-1 and NMNH 143967, respectively. Na, Ca and Al were standardized using
scapolite, and K, Si, Mg, and Fe were standardized using osumilite. Both of these standards
were from Structure Probe Inc. and are included on a standard mount. Table 2 shows the
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totals for the two standards.

Table 1. List of Elements Analyzed on Microprobe. Elements are listed with the spectrometer
and crystal and the order in which they were analyzed.

Table 2. Composition of Standards.

Analyses where the beam current drifted below 15 nA or that had totals not in the
range of 100 ± 1.5 wt. % or that gave plagioclase compositions outside of the An93 -An37
range (as required for the Lange et al. [2009] hygrometer, described later), were not used to
determine wt. % H2O. Microprobe error is one standard deviation (σ) from the mean.
Standardization data and calculations for one sigma can be found in Appendix C.
The plagioclase compositions determined by microprobe analysis were used to
calculate the XAn and XAb for each analyzed point within a given crystal, and to calculate the
average XAn and XAb for each of the five samples. An example of these calculations can be
found in Appendix C, along with the complete data tables with all calculations for all
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analyzed points (Appendix A). The average weight percent of each of the seven oxides was
also calculated for all five samples to determine an average plagioclase composition for each
sample.

Calculation of Liquid Compositions
The hygrometer of Lange et al. (2009) requires knowledge of the bulk composition of
the melt from which the plagioclase crystals grew. Cameron (1998) provides whole rock
major element data for the five samples under study; however, because there is a significant
percent of plagioclase phenocrysts present in the samples, the whole rock compositions likely
deviate substantially from melt compositions (e.g., Walker and Carr, 1986). Thus for each
sample, the average normalized plagioclase compositions were multiplied by the modal
percentage of plagioclase and the result was subtracted from the normalized bulk rock data to
obtain a liquid composition. An example of this calculation can be found in Appendix D. The
calculated liquid compositions are given in Table 3, and Figure 4 shows that the five
calculated liquid compositions match well with compositions of olivine-hosted melt
inclusions from Pacaya Volcano (Walker, unpublished data, corrected for post-entrapment
crystallization).

Table 3. Calculated Average Normalized Liquid Compositions
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Figure 4. Liquid compositions: Al2O3 vs. MgO, CaO vs. MgO and TiO2 vs. MgO. Liquid
compositions calculated in this study are the diamonds and the liquid compositions measured
in olivine-hosted melt inclusions are the triangles.
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Thermobarometry
Along with the mol % An and mol % Ab, the plagioclase-liquid hygrometer requires an
independent temperature of plagioclase crystallization in order to determine the wt. % H2O.
To determine the temperature of the magma at the time of plagioclase formation, a pressure
estimate was required. An initial estimated pressure was determined using an amphibole
thermobarometer (Equation 1), developed for subduction zone volcanoes (Ridolfi et al.,
2009). In this equation, P is the pressure at which the amphiboles formed measured in MPa,
and AlT is the total aluminum in amphibole.

(Eq. 1)

P = 19.209e(1.438AlT )

Lavas from Cerro MacKenny
do not have amphiboles, so compositions from
!
hornblende crystals in two rocks from Cerro Chiquito (see Figure 2) were used with the
thermobarometer. Results for the two samples yielded pressures of 338 ± 37 and 366 ± 40
MPa. However, it is quite likely that the amphibole-bearing lavas have a crystallization
history different from the plagioclase-bearing lavas analyzed in this study, even though they
are from the same volcanic complex. In addition, the pressures calculated using the Ridolfi et
al. (2009) barometer are too high to be used with the hygrometer, which is only calibrated for
pressures between 100-300 MPa (Lange et al., 2009). There are no geophysical or
geochemical data at present that constrains the magmatic plumbing system and thus
crystallization depth below Pacaya. As a result, three distinct pressures were used to calculate

14
temperatures: 100 MPa, 200 MPa and 300 MPa. Many subduction zone volcanoes are
believed to have storage/crystallizations depths within this pressure range (Ridolfi et al.,
2009; Ruprecht et al., 2012; Coombs et al., 2013; Mann et al., 2013). Temperatures were
determined using a geothermometer developed by Yang and Kinzler, (1996) and then further
modified by Putirka (2008) (Equation 2). Here, T is the temperature in degrees Celsius;
, X Alliq2O3 and

are the mole fractions of SiO2, Al2O3 and MgO in the liquid,

respectively; and P is the pressure measured in GPa. Standard estimate of error for the
€ thermometer is ± 26 °C. The calculated liquid compositions from Table 2 were used to

determine the mole fractions of the necessary oxides.

(Eq. 2)
liq
liq
T(°C) = "583 + 3141[ X SiO
] + 15779[ X Alliq2O3 ] + 1338.6[ X MgO
] " 31440[ X SiOliq 2 # X Alliq2O3 ] + 77.67[P(GPa)]
2

!

Hygrometry
The plagioclase-liquid hygrometer developed by Lange et al. (2009) was used to
calculate the wt. % H2O for each of the analyzed points in all five samples. The hygrometer is
a semi-empirical model based on thermodynamic data which quantifies the relationship
between the An content in plagioclase and the water concentration in the melt in which it
formed. Experimental studies have shown that a high An content reflects a high magmatic
water content (Housh and Luhr, 1991; Sisson and Grove, 1993a, 1993b). The addition of
water to a melt is one of three ways to increase the An content of crystallizing plagioclase (the
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other two ways being to increase the aluminum content of the melt or to reduce its Na
content [Marsh et al., 1990]). The hygrometer works for plagioclase compositions of An93An37, for liquid compositions of 46-74 wt. % SiO2, for temperatures between 825 – 1230 °C,
and at pressures between 0.10 and 0.30 GPa.
In the hygrometer equation (Equation 3), wt. % H2O is the weight percent of water in
the magma at the time of plagioclase formation; m’ is a constant model parameter; x is an
equation which takes into account enthalpy (H), entropy (S), the volume (V), pressure (P),
temperature (T) and the equilibrium constant (K); a”, b”, and

are constant model

parameters; T is the temperature in degrees Celsius; and ∑diXi is the sum of the each of the
mole fractions of each oxide multiplied by a specific constant for each of the oxides. For the
determination of x, ∆Hº(T) is the change in the enthalpy of fusion at a give temperature
between anorthite and albite; ∆Sº(T) is the change in the entropy of fusion between anorthite
and albite; ΔS°(T) is the sum of the volume of liquid anorthite, the volume of crystal
anorthite, the volume of liquid albite, and the volume of crystal albite, all at a 1 bar (all at a
€

given temperature), multiplied by the pressure in bars.
The hygrometer requires the liquid composition for each sample, the temperature
calculated at each pressure, the corresponding pressure, and the XAn and XAb for each spot on
all of the analyzed crystals. The constants for Equation 3 can be found in Appendix E. Lange
et al. (2009) show that pressure has a minimal effect on the wt. % H2O for this hygrometer.
This is confirmed below.
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(Eq. 3)

wt.%H 2O = m' x + a"+

b"
+ " di " X i
T

!
where
%
"H°(T) "S°(T)
x ='
#
+
' RT
RT
&

!

$

P

1

"VT0 (P)dP
RT

(
+ lnK **
*
)

CHAPTER 3
RESULTS
Plagioclase Compositions
Complete plagioclase compositional data for the five Pacaya lavas are given in
Appendix A. The frequency of a given

for all five samples is shown in Figure 5. Most of

the analyzed points had X An 0.6−0.9 . Plagioclase crystals in subduction zone volcanic rocks are
noted for their variable zoning patterns (Ruprecht and Wörner, 2007; Shcherbakov et al.,

€and Lange, 2011). Two main types of zoning trends were observed in the
2010; Crabtree
analyzed plagioclase crystals. The most abundant type of zoning is one in which the
decreases only slightly from the core out towards the rim and then significantly drops at the
rim (Figure 6). Figure 7 shows a few select crystals with constant

, where there was no

significant change in the anorthite content from core to rim. This was the second most
abundant type of zoning pattern. In addition, a few crystals exhibited overall reverse zoning.
Figure 8a shows that the FeOT content in the plagioclase crystals exhibits a good negative
correlation with

; this is also true for the MgO content of the plagioclase (Figure 8b). The

correlation between FeOT and

is unusual for subduction zone volcanic suites (Ginibre et

al., 2002; Humphreys et al., 2006; Ruprecht and Wörner, 2007) but is consistent with the
partitioning data of Bindeman et al. (1998) in which the partitioning of Fe3+ into plagioclase is
enhanced at lower

. The observed negative correlation between FeOT and

could be
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Figure 5. Histograms of plagioclase analyses as a function of XAn for each lava. Also shown
are representative wt. % H2O values in the melt determined by the geohygrometer.
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Figure 6. XAn vs. distance from core for representative individual crystals which show
relatively constant XAn. XAn is constant across most of the crystal, with a significant drop in
XAn at the rim. (Hexagons represent GPA.06, diamonds represent GPA.07, triangles represent
GPA.04, circles represent GPA.03, and squares represent GPA.02).

Figure 7. XAn vs. distance from core for representative individual crystals which show no
significant change in XAn, from core to rim. (Hexagons represent GPA.06, open and solid
diamonds represent GPA.07, and circles represent GPA.03).
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Figure 8. XAn vs. wt. % FeOT and MgO. a) XAn vs. wt. % FeOT for all analyzed crystals. b) XAn
vs. wt. % MgO for all analyzed crystals. (Hexagons represent GPA.06, diamonds represent
GPA.07, triangles represent GPA.04, circles represent GPA.03, and squares represent
GPA.02).
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the result of increasing

fO2 during crystallization as some experiments show increasing iron

contents in plagioclase with increasing

fO2 (Phinney, 1992; Wike and Behrens, 1999; Feig et

al., 2010). Alternatively,
the cause of the negative correlation in Figure 8a might be increasing
€
SiO2 contents during progressive
€ crystallization, as Lundgaard and Tegner (2004) suggest
more polymerized melts have higher iron activities. Figure 8b shows that the MgO content in
the plagioclase crystals also has a negative correlation with
between MgO and

. The negative correlation

is not unusual for subduction zone volcanoes (e.g., Ruprechet et al.,

2012) and reflects increasing partitioning of Mg into plagioclase with decreasing
(Bindeman et al., 1998).

Temperature Estimates
Calculated temperatures vary between 1090-1150 °C (Table 4). For a given sample the
temperatures increase only slightly from 0.100 to 0.300 GPa, almost within error of the
thermobarometer (Table 4). These calculated temperatures are consistent with estimated
temperatures of basaltic andesite magmas (Sisson and Grove, 1993b; Pichavant et al., 2002;
Bouvet de Maisonneuve et al., 2012; Scott et al., 2012). According to the INSUVMEH, lavas
from Cerro MacKenny erupt at approximately 850-970 °C, which also makes the calculated
crystallization temperatures seem reasonable (Volcán de Pacaya, 2013).
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Table 4. Temperatures at Various Pressures for the Plagiolase-Liquid Hygrometer.
Temperatures were calculated using the thermobarometer of Putirka (2008) for all five of the
samples. SEE= ± 26 °C.

Geohygrometry
Appendix F has the calculated water contents for every analyzed point. The average
and maximum calculated wt. % H2O for each sample at the three different pressures (and
temperatures) can be found in Table 5. It is clear that the calculated water contents for each
sample negligibly changed over the pressure range of the geohygrometer. Figure 5 shows that
the overall range of calculated water contents is from 0.0-3.6 wt. % H2O. Figure 5 shows that,
as a result of the abundant normal zoning shown by individual crystals, plagioclase cores
yield the maximum calculated water contents.
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Table 5. Average and Maximum wt. % H2O for Each Sample at Different Temperatures (and
Three Different Pressures). SEE = ± 0.32 wt. % H2O.

CHAPTER 4
DISCUSSION
Pacaya’s Magmatic Water Contents
Water concentration in lavas from Pacaya Volcano were calculated to be ≤ 3.6 ± 0.32
wt. %, which, while low for subduction zones, overlap with the low H2O measured in olivinehosted melt inclusions reported in Walker et al. (2003). The maximum values are somewhat
low for volcanoes on the Central American volcanic front, which have water contents
between 1.0-6.2 wt. % H2O (Roggensack, 2001a; Sadofsky et al., 2008; Plank et al., 2013).
The global average water content for all arc volcanoes measured from olivine-hosted melt
inclusions is 3.9 ± 0.4 wt. % H2O (Plank et al., 2013), whereas the average water content
calculated for Pacaya Volcano using the plagioclase-liquid hygrometer is only 1.6 ± 0.32 wt.
% H2O.
The low water concentrations at Pacaya Volcano could be caused by decompression
melting induced by extension in the southern Guatemala region. Decompression melting
would allow for melts to be created without the addition of water, thus resulting in magmas
with lower water contents than magmas formed through flux melting (e.g., Sisson and Bronto,
1998). Indeed, the rare occurrences of subduction zone mafic rocks whose olivine-hosted melt
inclusions have low (≤ 2.5 wt. % H2O) water contents have been attributed to decompression
melting (Sisson and Bronto, 1998; Walker et al., 2003; Kohut et al., 2006).
Decompression melting may be caused by the enhanced extension in southeastern
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Guatemala. Northern Central America has at minimum thirteen north-south trending
grabens, two of them being the Guatemala City graben (where the Pacaya Complex is located)
and the Ipala graben (Guzman-Speziale, 2001), both of which are very close to Pacaya
Volcano (Figure 9). Deformation associated with the relative motions along the North
American-Caribbean plate boundary results in extension within the grabens in southern
Guatemala (Guzman-Speziale, 2001; Rodriguez et al., 2009). An estimated 60% of the plate
motion along both the Motagua and Polochic faults in eastern Guatemala is transferred to the
grabens in southern Guatemala, where the Pacaya Complex is located (Rodriguez et al.,
2009). Extension within the Guatemalan grabens trends east-west and can range from at least
8 mm/yr in the Guatemala City graben to as fast as 20 mm/yr (Guzman-Speziale, 2001; LyonCaen et al., 2006; Rodriguez et al., 2009). Comparatively, extension at mid-ocean ridges
ranges from about 10-150 mm/yr and extension in the Rio Grande Rift has been estimated to
be about 0.3-5.0 mm/yr (Berglund et al., 2012; Woodward, 1977). Research has shown that
magmas are generated by decompression melting in the Rio Grande Rift (Reid et al., 2012). It
is therefore plausible that decompression melts are being produced in or near the Guatemala
City graben where extension is greater than that in the Rio Grande Rift. Furthermore, the
subducting slab input and degree of melting were assessed in a previous study by Cameron et
al. (2002) to determine the major cause of melt generation beneath the Pacaya Complex.
Trace element ratios, Ba/La and La/Yb, in lavas from Pacaya were compared, and these data
suggest that decompression melting plays a large role in generating magmas which erupt from
Pacaya (Cameron et al., 2002).
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Figure 9. Structural map of southeastern Guatemala. Modified from Plafker, 1976.

Another possible cause of the unusually low magmatic water contents at Pacaya is
extensive subterranean degassing. Both open- and closed-system degassing models for mafic
magmas show that unlike CO2, which can begin degassing at significant depths (>500 MPa),
H2O is only substantially affected by degassing below approximately 200 MPa (Figure 10)
(e.g., Wallace, 2005). Nevertheless, Pacaya’s plagioclase crystals could have largely formed
at relatively shallow depths.
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Figure 10. Degassing of CO2 and H2O. Modified from Wallace (2005). The orange curve
represents closed-system degassing and the blue curve represents open-system degassing.

Cerro MacKenny’s Recent Magma Differentiation

The water content of mafic magmas exerts a strong influence on magmatic
differentiation specifically; plagioclase crystallization is enhanced at lower magmatic water
contents (Sisson and Grove, 1993a; Müntener et al., 2001). This could explain the plethora of
plagioclase crystals found in the lavas from Pacaya Volcano and their tholeiitic character
(Sisson and Grove, 1993a). Cerro MacKenny of Pacaya has exclusively erupted basaltic
andesites, showing little compositional variation for centuries (Eggers, 1971; Bardintzeff and
Deniel, 1992; Cameron et al., 2002; Rose et al., 2013). Relative compositional homogeneity is
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seen at a number of other basaltic andesite arc volcanoes such as North Sister Volcano and
Mount Hood in the Cascades and Masaya in Nicaragua (Walker et al., 1993; Schmidt and
Grunder, 2011; Koleszar et al., 2012). Such volcanoes require the existence of a magma
reservoir at depth that is maintained and buffered by periodic mafic recharge (e.g., Kent et al.,
2010; Schmidt and Grunder, 2011). The presence of a single trend of FeOT variation with
(Figure 8) suggests that Pacaya’s recent lavas emanate from such a single,
compositionally-buffered magmatic reservoir (Hattori and Sato, 1996; Ginibre et al., 2002;
Ruprecht and Wörner, 2007; Humphreys et al., 2006). The paucity of reverse zoning in most
of the plagioclase crystals analyzed in this study suggests that they crystallized after the
magmas left this buffered environment.

CHAPTER 5
CONCLUSIONS

Water contents calculated using the geohygrometer of Lange et al. (2009) indicate that
the water concentrations in the lavas from Pacaya Volcano are lower than typical subduction
zone volcanoes on the volcanic front (e.g., Plank et al., 2013). This is consistent with the low
water contents found in olivine-hosted melt inclusions by Walker et al. (2003). Lower water
contents at Pacaya Volcano could in part be due to decompression melting caused by the
regional extension in southern Guatemala caused by interactions along the North AmericanCaribbean plate boundary. Lower water contents also could be the result of significant
degassing at relatively low pressures (≤ 200 MPa). Preliminary results indicate that analyzed
plagioclase crystals formed from the same magmatic system, as there is a single trend in the
iron content vs. the mole fraction An.
To better understand the mechanism(s) by which magmas are generated at Pacaya
Volcano and, therefore, the cause of the low water contents, further investigation is necessary.
There are numerous avenues of future work on the Pacaya Complex that can be explored so
that the complex is better understood and hazards can be assessed more accurately.
Plagioclase-hosted melt inclusions in tephras could be analyzed for further confirmation of
inherently low water contents in Pacaya’s mafic magmas. Geophysical data would help to
identify and locate possible magma chambers beneath Pacaya Volcano, which would provide
additional constraints on the P-T regime of magmatic differentiation. In addition, a more
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extensive look at the zoning in the plagioclase crystals could lend further insight into
crystallization processes beneath Pacaya (e.g., Ruprecht and Wörner, 2007; Crabtree and
Lange, 2011; Shcherbakov et al., 2011). Additionally, the largest phenocrysts (those greater
than a few centimeters) in Pacaya’s lavas could be analyzed to determine if they indeed
formed from the magma in which they are embedded or if they are perhaps antecrysts or
xenocrysts. As stated earlier, estimates of pre-eruptive magmatic CO2 concentrations for
Pacaya Volcano do not exist. To adequately determine the extent of pre-eruptive magmatic
degassing, the CO2 contents of melt inclusions should be analyzed.
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APPENDIX A
NORTHERN ILLINOIS UNIVERSITY ELECTRON MICROPROBE
PLAGIOCLASE ANALYSES FOR PACYA VOLCANO
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APPENDIX B
STANDARDIZATION DATA, CALCULATION OF ELECTRON
MICROPROBE ERROR, ONE SIGMA
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To calculate the standard error estimate (SEE), the mean for each oxide analyzed on
each standard was calculated. Next, the deviation of each oxide’s measurement from the mean
was calculated, and then the calculated deviation from the mean was squared. To find the
standard deviation, the square root of the sum of the squared deviations divided by one less
than the number of unknown standard analyses was calculated. To find the standard error, the
standard deviation was divided by the square root of the sample size. The SEE for each oxide
on each standard can be found in below (Table B.1).

APPENDIX C
CALCULATIONS TO CONVERT FROM WT. % OF A
GIVEN OXIDE to XAn, XAb AND XOr
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Step 1: Molecular proportion =

€

wt.%
oxide weight

Step 2: Cation proportion of each oxide = oxide molecular proportion * number of cations

€ Step 3: Number of oxygens for each oxide = oxide molecular proportion * number of oxygens

€

Step 4: Total oxygens = sum of all oxygens for each oxide , from Step 3

€
Step 5: Oxygen Factor =

number of oxygens

, in this case, number of oxygens = 8

total oxygen

€
Step 6: Cation on the basis of 8 oxygens = oxygen factor * cation proportion

€
Step 7: X An =

Ca cation on the basis of 8 oxygens
Ca + Na + K cations on the basis of 8 oxygens

€
Step 8: X Ab =

Na cation on the basis of 8 oxygens
Ca + Na + K cations on the basis of 8 oxygens

€
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Step 9: X Or =

K cation on the basis of 8 oxygens
Ca + Na + K cations on the basis of 8 oxygens

€

APPENDIX D
LIQUID COMPOSITION CALCULATIONS
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APPENDIX E
VARIABLES FOR HYGROMETER EQUATION
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APPENDIX F
PACAYA VOLCANO WATER CONCENTRATION DATA, CALCULATED
USING THE PLAGIOCLASE-LIQUID HYGROMETER FOR
1000 BARS, 2000 BARS AND 3000 BARS
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